Photonic crystals are three dimensional periodic structures having the property of reflecting the electromagnetic (EM) waves in all dimensions, for a certain range of frequencies. Defects or cavities around the same geometry can also be built by means of adding or removing material. The electrical fields in such cavities are usually enhanced, and by placing active devices in such cavities, one can make the device benefit from the wavelength selectivity and the large enhancement of the resonant EM field within the cavity. By using coupled periodic defects, we have experimentally observed a new type of waveguiding in a photonic crystal. A complete transmission was achieved throughout the entire waveguiding band. The transmission, phase, and delay time characteristics of the various coupled-cavity structures were measured and calculated. We observed the eigenmode splitting, waveguiding through the coupled cavities, splitting and switching of electromagnetic waves in waveguide ports, and Mach-Zender interferometer effect in such structures. The corresponding field patterns and the transmission spectra were obtained from the finite-difference-time-domain (FDTD) simulations. We developed a theory based on the classical wave analog of the tight-binding (TB) approximation in solid state physics. Experimental results are in good agreement with the FDTD simulations and predictions of the TB approximation.
INTRODUCTION
Photonic crystals are artificial dielectric or metallic structures in which the refractive index modulation gives rise to stop bands for electromagnetic waves within a certain frequency range in all directions.
1,2 Recognized as an effective tool to control of the propagation of EM wave, photonic crystal based structures rapidly attracted a great interest in recent years and are envisaged as the main candidate to develop into next generation lightwave circuits. Current research activities concerning photonic crystals involve many scientific and engineering applications such as, localization of photons, 3 lasers, 4, 5, 6 waveguides, 7, 8, 9, 10, 11 splitters, 12, 13, 14 fibers, 15 antennas, 16, 17 optical circuits, 18, 19 and ultra fast optical switches. 20 The analogy between the Schrödinger Equation for an electron moving in a periodic crystal potential and the Maxwell's equations for an EM wave propagating through a medium with periodically modulated refractive index allows many important models and formulations originally to be applied to the photonic crystals which were originally developed for electronic solid state systems. In particular, by introducing "defects" to a photonic crystal, which can be realized by adding or removing materials, it is possible to create localized EM modes inside the photonic band-gap which are reminiscent of the acceptor and donor impurity states in a semiconductor. 21, 22 Consequently, photons with certain wavelengths can locally be trapped inside the defect volume. This important property can be used in various photonic applications. In fact, most of the aforementioned applications are based on cavity structures built in photonic crystals.
The guiding of EM waves in photonic crystals is obtained either along a line defect (a row of missing rods) 8, 11 or through coupled cavities. 10 In the former case, while the EM waves are confined in one direction which is perpendicular to the axis of missing rods, and photons can propagate in other directions parallel to the axis of the missing rods [ Fig.  1(a) ]. In the case of the coupled cavity waveguides (CCWs), the EM waves are tightly confined at each defect side, and photons can propagate by hopping, due to interactions between the neighboring evanescent cavities modes [ Fig. 1b] . are formed by removing an array of rods (white circles) from a two-dimensional photonic crystal (black circles). Tightly confined cavity mode interacts weakly with the neighboring cavity modes, and therefore the electromagnetic waves can propagate through coupled cavities.
Recent studies indicate that the photonic coupled-cavity waveguide based structures may alleviate many problems concerning the current waveguide applications. Shape independent 100% throughput, wider range to control the group velocity and photon lifetime, efficient channel add-drop filters, 21, 22, 23 and wave-guide networks with vanishing cross talk 24, 25 are few to name among these properties.
This paper is organized as follows: In section 2, the localized cavity-modes in two-dimensional photonic band gap structures are investigated in detail. The splitting of the eigenmode of a cavity is obtained for two coupled cavity case. Transmission spectra, field distributions and photon delay times of experiments and of finite-difference-time-domain (FDTD) simulations are presented along with the predictions of the Tight Binding (TB) approximation. In section 3, several application possibilities of the CCWs are demonstrated experimentally and by corresponding FDTD simulations.
LOCALIZATION OF THE ELECTROMAGNETIC FIELD BY MEANS OF CAVITIES IN PHOTONIC CRYSTALS

Localized Coupled-Cavity Modes and the Tight Binding Approximation
It is well known that the tight binding (TB) method has proven to be very useful in studying the electronic properties of solids. 26 Recently, the classical wave analog of the tight binding (TB) model 27, 28 has successfully been applied to photonic structures. 29, 30, 31, 32, 33, 34 By using direct implications of the TB picture, a novel propagation mechanism for photons along localized coupled cavity modes in photonic crystals was theoretically proposed 30, 33 and experimentally demonstrated. 34 In these structures, photons can hop from one tightly confined mode to the neighboring one due to weak interaction between them [see Fig. 1(b) ]. Stefanou and Modinos obtained the cosine-like dispersion relation for their coupled-defect waveguide and waveguide bends with and without disorder. 30 Yariv et al. reformulated the same phenomenon in a simple way, and proposed various applications based on coupled-cavity structures. 33 Later, the mode splitting phenomena within the TB picture, 34 guiding and bending of EM wave, 10 heavy photons, 35 and EMbeam splitting and switching effect 47 were experimentally demonstrated in our group in three-dimensional photonic crystals at microwave frequencies. Very recently, Lan et al. numerically proposed a switching mechanism by changing the positions of the sharp edges of the coupled-cavity band of 1D PBG structures 36 and delay lines for ultra short optical pulses 37 , and Olivier et al. reported 2D CCWs at optical wavelengths. 38 This section presents shortly the theoretical formulation for the splitting of the eigenmode of a cavity when coupled with one or two cavities, using the TB approach. This can be extended to the n coupled cavities, i.e. the coupled-cavity waveguide. Simple expressions for dispersion relation, group velocity and photon lifetime are derived.
A cavity formed within a photonic band gap material supports a strongly localized mode 
where α 1 and β 1 are the first order coupling parameters which are given by
The eigenmodes of three coupled cavities can be obtained similarly. In this case, introducing second nearest neighbor coupling terms
r r r r r r ε β one gets the eigenmodes and eigenfrequencies as follows:
Proc. of SPIE Vol. 5000 239 For an array of cavities, where each cavity interacts weakly with neighboring cavities, a defect band (waveguiding band) is formed. Similar to the two coupled cavity case, the eigenmode of this waveguiding band can be written as a superposition of the individual cavity modes. For n cavities one would write
A simple expression for the dispersion relation of the waveguiding band can be obtained from (1) and (7), keeping only the nearest neighbor coupling terms
where 1 1 α β κ − = is a Tight Binding parameter which can be obtained from the splitting of the eigenmodes of two coupled cavities. After obtaining Ω, ω 1 , and ω 2 from measurements or simulations, one can determine α 1 , and β 1 values by using (3) . The bandwidth of the waveguide is proportional to the coupling constant and to the single cavity frequency:
The group velocity of photons along the waveguide ca be determined from the dispersion relation
The additional phase acquired by an EM wave propagating through the photonic crystal of thickness L is 
An immediate indication of this formula is that at the delay time increases rapidly at the edges of the waveguiding band. This behavior can be utilized for applications which require low group velocity and long photon lifetimes. The TB formulation implies that relevant physical quantities such as the dispersion relation and group velocity depend only on a single TB parameter κ, which can be controlled by changing the cavities and the intercavity distance. Thus, having κ as a design parameter, one can construct coupled cavity structures for certain applications such as dispersion compensators and photonic switches.
Coupled Cavity Structures: Experiments and Theoretical Calculations
We first constructed 2D triangular photonic crystals which consist of dielectric cylindrical alumina rods having radius 1.55 mm and refractive index 3.1 at the microwave frequencies. The lattice constant and the corresponding filling fraction are a = 1.3 cm and η ~ 0.05, respectively. Length of the rods is 15 cm. The experimental set-up consisted of a HP 8510C network analyzer and microwave horn antennas to measure the transmission-amplitude and the transmission-phase properties. The transverse magnetic (TM) polarization, the incident electric field was parallel to the rods, is considered in all measurements. It is well known that the other polarization, transverse electric (TE), does not produce any photonic band gaps in this frequency range.
1 In experiments, the transmission and phase spectrum in the absence of photonic crystal (i.e. free space) is measured and this data is used as the calibration data of the network analyzer. Then, the crystal is placed between the horn antennas, and the transmission and phase measurements are performed. The distance between transmitter and receiver antennas is kept constant throughout the calibration and measurement phases. The transmission spectra and the field patterns are then obtained by using FullWave which is a commercially available finite-difference-time-domain (FDTD) code. In FDTD simulations, the transmission spectrum was normalized with respect to the source spectra. The crystal exhibits a photonic band gap extending from 0.73ω 0 to 1.14ω 0 where ω 0 = c/2a = 11.54 GHz. Figure 2 shows the measured and calculated transmission characteristics of various coupled-cavity structures along with the schematic drawing of these structures. When a single rod is removed from otherwise perfect crystal, a highly localized cavity mode appears at frequency Ω 0 = 0.908 ω 0 having a quality factor of 900 [ Fig. 2(a) ]. The transmission through a crystal which contains two coupled cavities with an intercavity distance Λ=√3a is shown in Fig. 2(b) . Here, the splitting of the single cavity mode into two resonance modes at ω 1 = 0.879 Ω 0 and ω 2 = 0.928 Ω 0 is observed.
Localized defect modes in 2D photonic crystals are widely studied in literature, 39, 40, 41 and splitting of the eigenmode is already reported for various photonic structures. This phenomenon is observed in 3D diamond wire mesh photonic crystals, 42 coupled dielectric spheres, 43, 44 coupled pairs of micrometer-sized semiconductor cavities, 45 polymer bispheres in contact, 32 and coupled defects in 3D dielectric photonic crystals. 34 In the case of three coupled cavities, the eigenmode splits into three resonance frequencies. As shown in Fig. 2(c) , there is a good agreement between measured and simulated results. We also compare the TB predictions of the resonant frequencies Γ 1,2,3 with the measured and the FDTD simulation results (see Table 1 ). The measured delay time as a function of frequency in these coupled-cavity structures is shown in Fig. 3 . The strong enhancement of the delay time indicates that the incident EM field with the coupled cavity resonance frequencies becomes confined within the cavities and propagate more slowly compared to free space propagation. 
Coupled-Cavity Waveguides
Having established a good agreement between theory and experiment for two-and three coupled-cavity structures, we now investigate the transmission response of straight CCW which is formed by 10 consecutive defects, along a straight line in the ΓM direction of the photonic crystal. The corresponding structure is depicted in Fig 4(b) . The small circles denote the alumina rods. A waveguiding band, (defect band), is formed due to coupling between the evanescent defect modes. This band extends from 0.857 ω 0 to 0.956 ω 0 . The number of peaks in the transmission spectrum is equal to the number of cavities in the structure as expected. It is also observed that a complete transmission is achieved for certain frequencies within the defect band. Since the guided mode is composed of the linear combination of strongly localized individual defect modes, the absence of the radiation loss mechanism is anticipated in these structures. The field distribution of the guided mode for ω = 0.920 ω 0 is also calculated and plotted on Fig. 4 (right panel) which demonstrates that the guided mode is completely confined within the coupled-cavity array and propagated through it. The dispersion relation ω(k) is obtained from the transmission-phase information 34, 46 Measuring the phase difference ∆φ as a function of frequency ω, the wave vector k of the crystal can be determined directly (see Section 2.1). In Fig. 5(a) , the measured and calculated dispersion relations as a function of k are compared. The dispersion relation in the TB approximation is obtained by using (7) with the experimental TB parameter κ = -0.0525. Figures 5(b) shows the group velocity of the propagating mode as a function of k, where the experimental curve is calculated from the measured dispersion relation. It is important to note that the group velocity, v g , vanishes at the defect band edges, and the maximum value of v g is one order of magnitude smaller than the speed of light. The measured (solid line) and calculated (dotted line) delay time characteristics are displayed in Fig. 5(c) . The delay time increases drastically at the band edges, which supports the behavior obtained by the TB analysis (11) . One can also draw an analogy to the heavy electron in semiconductors, which has energy near the band edge, 28 and describe the photons having energies close to the waveguide band edges as heavy photons.
APPLICATIONS OF COUPLED-CAVITY WAVEGUIDES (CCWs) IN PHOTONIC CRYSTALS
Splitters and Switches
Splitters and switches are important components for designing photonic circuits. In recent years, many authors reported splitters and switches which are built around photonic band gap structures. 12, 13, 14, 47 In this section, we demonstrate splitting of propagating waves into to two output waveguide ports. We also report a switching mechanism based on coupled-cavity structures.
In order to demonstrate the splitting of EM power, we construct a Y-shaped splitter which consists of one input CCW and two output CCWs. The input and output waveguide ports contain 5 and 6 coupled cavities, respectively. As shown in Fig. 6 (left panel) , the propagating mode inside the input CCW splits equally into two output CCW ports for all frequencies within the defect band. We also compute the electric field distribution inside the input and the output CCW channels for frequency ω=0.916 ω 0 . The present structure can also be used as a photonic switch. To demonstrate the switching effect, we place a single rod to the left side of junction of Y-splitter. This breaks the symmetry of the structure, and therefore one can regulate the amount of power flow into the output ports of CCWs. As shown in Fig. 7 , the power at each output waveguide port is drastically changed. While most of the input power for frequencies throughout the defect band is coupled to the right port, only a few percent of the input power is coupled to the left port. The simulated electric field distribution is also displayed in right panel of 
Mach-Zehnder Interferometer employingCCWs
Mach-Zehnder interferometers have been widely implemented in optical devices such as demultiplexers, switches and intensity modulators. 48 The size of these structures is an important issue for large-scale optical integration. Current alloptical and electro-optical switches are of the order of millimeters, and carry little potential for further size reduction. Operation of active optic elements is based on the change of the index of refraction induced by electro-optical or nonlinear optical effects. However, the changes that can be achieved are very small (δn ~ 0.001), and inducing a shift to the phase of the signal by π typically requires propagation lengths of the order of millimeter. The same length considerations apply to phase shifts induced solely by path differences. From this point of view, the coupled cavity waveguides are very promising candidates for developing compact optical devices, because the group velocity of the propagating EM wave can be reduced drastically. The reduction of the group velocity provides both the enhancement of the nonlinear effects, and the increase of the effective length of the waveguide compared to its geometrical length. Very recently, both these benefits are investigated on Mach-Zehnder interferometer structures based on photonic crystal CCWs. 49, 50 In this section, a Mach-Zehnder interferometer structure based on photonic crystal CCWs is demonstrated experimentally and by FDTD simulations. For this purpose, cylindrical alumina rods of radius 0.155 mm are assembled to a two-dimensional cubic lattice of period 1.1 cm. The structure exhibits a photonic band gap extending from 9.016 GHz to 13.153 GHz. The Mach-Zehnder interferometer is constructed by two CCW branches, consisting of 10 cavities (long branch) and 8 cavities (short branch), respectively. The operation principle is based on the difference of the cavity number [see Ref. 50] . The intercavity spacing is twice the lattice period. The input and output ports are also CCWs having identical cavity characteristics as the MZI branches. Figure 8 shows the schematic top view of the simulation structure built according to the experimental parameters. In order to show that no significant bending losses are present despite the sharp corners of the CCWs in the MZI, we measured the transmission spectra of the long branch and the short branch of MZI separately (i.e. when the other branch is not present), and then compared the results with the transmission spectrum of a straight CCW. Figure 9 shows that all three CCWs support a guiding band ranging roughly between 10.8 -12.1 GHz, with very similar transmission characteristics. Note that due to the difference in the number of cavities, the widths of the guiding band differ slightly. Martinez et. al. have shown 50 that the transfer function of the CCW based Mach-Zehnder Interferometer can be written as T 11 (f)=cos 2 (∆Lβ/2) where ∆L=∆Nd is the length difference written in terms of the difference in number of cavities of the branches, ∆N and β is the intrinsic propagation constant depending on the eigenfrequency of an isolated cavity, and on the intercavity coupling strength. d denotes the intercavity distance. Due to the periodicity of the CCW, β can take values in the reduced Brillouin zone as 0≤β≤π/d. This form of the transfer function suggests that ∆N/2 dips appear in the MZI output due to the destructive interference between different paths. The present MZI structure is configured for ∆N=2 and is expected to exhibit a single dip within the waveguiding band. Figures 10(a) and 10(b) show the transmission response measured experimentally. We note that the structure was not optimized for maximum flatness in the guiding band. However, the comparison of the MZI transmission and the transmission of one of the branches shows that there is a strong dip located within the guiding band, which is found to be at 11.439 GHz. To see how the field distribution looks like when the MZI is in "off" state, a pulse having a frequency equal to the dip frequency is sent through the input port and the field distribution is calculated by FDTD method. Figure 11 shows that the field propagates through the branches of MZI, and interferes destructively at the cavity where the two branches join. Hence, no signal is present at the output port.
CONCLUSION
In this work, we presented a study of the coupled cavity structures in two-dimensional dielectric photonic crystals, and discussed some application possibilities. The splitting of the eigenmode of a cavity in the presence of coupling between the cavities is observed experimentally. An analysis within the Tight Binding formalism is performed on the structures having two-coupled cavities, three-coupled cavities, which gave the coupling parameter for these structures in very good agreement with the measurements. A comprehensive analysis of the coupled-cavity waveguide is carried out. The dispersion group velocity, photon delay times are measured and calculated as a function of frequency of the localized coupled-cavity mode. On the theoretical side, FDTD simulations were also performed which gave transmission characteristics in agreement with the measurements, and TB model's predictions.
In photonic crystal based CCWs, the lossless transmission characteristics irrespective of the shape of the CCWs, and the extremely slow group velocity of the coupled modes close to the guiding band edges are emphasized. The latter is particularly important for applications demanding enhanced nonlinear effects, or having size restrictions. Among the many application possibilities of CCWs, simple splitter and switch structures are demonstrated experimentally, and by FDTD simulations. The slow group velocity of the coupled cavity modes further enables one to construct interferometer structures which produce large phase differences in considerably smaller sizes. This concept is elucidated by constructing a Mach-Zehnder interferometer which supports a mode within the waveguiding band, corresponding to a phase shift by π between the CCW branches.
